Lysosomal membrane permeabilization or lysosomal rupture is recognized as a common and severe stress condition relevant for infection, cellular degeneration and cancer. However, the cellular response mechanisms that protect cells from the consequences of lysosomal damage and ensure lysosomal quality control and homeostasis have only recently been explored. Key elements of this response involve the specific sensing of the damage followed by extensive modification of the organelles with ubiquitin to mark them for clearance by selective macroautophagy, termed lysophagy. Efficient lysophagy is ensured by additional layers of regulation, including modulation by the ubiquitin-directed AAA-ATPase VCP/p97. Lysophagy shares many features with mitophagy, the macroautophagic removal of damaged mitochondria. This review aims to gather available data from different fields and to define the key steps necessary for sensing and subsequent clearance of damaged lysosomes. We conclude with a discussion of disease implications with a focus on neurodegeneration.
Introduction
Lysosomes are the main degradative organelles in the cell, ultimately connecting the endocytic, phagocytic and autophagic pathways. The proper function and integrity of lysosomes is therefore essential for many cellular processes, from the maintenance of cellular homeostasis through to quality control and recycling of macromolecules and organelles. However, the acidic cocktail of diverse hydrolases in lysosomes also constitutes a potentially lethal threat to cellular integrity.
Numerous endogenous and exogenous factors have been described to induce lysosomal membrane permeabilization in health and disease. These include oxidative stress and intralysosomal Fenton reactions, proteases, photodamage, silica or urate crystals, lysosomotropic drugs and certain lipids as well as apoptotic regulators (Figure 1 ) [1] [2] [3] [4] [5] [6] [7] . Many of the endogenous lysosomal membrane permeabilization inducers can also induce mitochondrial membrane permeabilization ( Figure 1 ). One particularly vulnerable subset of lysosomes is the larger lysosomes [8] , which are often observed in aged cells or tumor cells, as they have a high turnover of iron-containing proteins and aberrant lysosomal lipid composition. Furthermore, damaged lysosomes have been found in tissues of patients suffering from hyperuricemic nephropathy [9, 10] or in tissues of patients with inclusion body myopathy associated with frontotemporal dementia [11] . Exogenous lysosomal membrane permeabilization factors include pathogenic bacteria and viruses that rupture the membranes of phagosomes or compartments of the late endocytic pathway in order to gain access to the cytosol [12] . Moreover, accumulating data have led to the suggestion that neurotoxic aggregates, when endocytosed from the extracellular space, can damage late endosomes/lysosomes; this may be a mechanism to facilitate their spread from cell to cell and their propagation in a prion-like manner [11, [13] [14] [15] [16] [17] [18] . This list can be extended but the multitude of inducers already illustrates that endo-lysosomal damage is pervasive under physiological and pathophysiological conditions and therefore challenges lysosomal homeostasis.
The consequences of lysosomal damage are detrimental to the cell in many ways. The release of reactive oxygen species (ROS), calcium and cathepsins from lysosomes directly inflicts damage on various cellular components independent of infectious etiology [1] [2] [3] [4] [5] [6] 19] . Moreover, similar to mitochondrial membrane permeabilization, lysosomal membrane permeabilization can also elicit cell death pathways either by induction of the mitochondrial apoptosis pathway or by pyroptosis through activation of the inflammasome via cathepsins ( Figure 1 ) [1, 20, 21] . Overwhelming lysosomal damage or a failure to respond with counteracting measures therefore contributes to inflammation and likely neurodegeneration.
Growing evidence indicates that lysosomal damage triggers a selective cellular response, which we have termed ELDR for endo-lysosomal damage response. ELDR is critical not only for lysosomal homeostasis but also as a defence against invading pathogens and may prevent propagation of neurotoxic aggregates. One element of this response is the recruitment of factors that help to alleviate and repair the damage, including the chaperone Hsp70, which stabilizes protective lysosomal proteins [22] [23] [24] . The second element is the transcriptional induction of new lysosomal components to compensate for the loss of lysosomal capacity. This branch is triggered by lysosome-localised mammalian target of rapamycin (mTOR), which normally keeps transcription factor EB (TFEB) inactive by phosphorylation [25] [26] [27] . Upon lysosomal damage, mTOR itself is inactivated and TFEB is dephosphorylated, which enables its translocation to the nucleus and the induction of a gene expression programme for the biogenesis of new lysosomes [28, 29] .
In this review, we will focus on a third protective process, which ensures the efficient clearance of the damaged lysosome by selective macroautophagy, termed lysophagy. This mechanism clears not only destabilized and leaking lysosomes, but also membrane remnants that result from complete lysosome rupture and may themselves be harmful by contributing to the inflammatory response [10, 12, 30, 31] . Our review will define and discuss the individual functional steps of lysophagy, from specific recognition and marking with ubiquitin to recruitment of the autophagic machinery and the phagophore (Figure 2 ). Where applicable, we compare the lysophagic pathway to mitophagy (clearance of damaged mitochondria), which is the best characterized form of selective macroautophagy [32] . Finally, we discuss components of ELDR and its implications in neurodegenerative diseases.
Sensing Damaged Lysosomes
The first step in organelle quality control is the specific discrimination of damaged and intact membrane compartments. Sensing of lysosomal membrane permeabilization exploits the exposure of glycosylated proteins to cytosolic components as a unique feature of ruptured lysosomes. A group of cytosolic galectins have emerged as specific sensors for endo-lysosomal damage caused by distinct factors, such as pathogens and lysosomotropic agents. Among these sensors, galectin-1, -3, -8 and -9 bind exposed b-galactosides at the inner lysosomal membrane and elicit downstream events [33] . Due to its widespread expression and rapid translocation, galectin-3 (Gal3) is used as a general and sensitive reporter for endo-lysosomal damage, although each galectin could have a more specific role in some forms of lysosomal membrane permeabilization [7, 34, 35] . For example, Gal3 has a more active role in clearing ruptured lysosomes and in defending cells against Mycobacterium tuberculosis invasion [28] . In contrast, galectin-8 (Gal8) is essential for suppression of Salmonella typhimurium proliferation [33] and for marking endosomes damaged by penetrating viruses [36, 37] . Furthermore, galectin-1 detects ruptured lysosomes, but not damaged Salmonella-containing vesicles or endosomes [33] . Thus, these ELDR sensors could have unique specificities and functions in recognizing damaged endo-lysosomes and in triggering downstream events.
Current studies have led to the proposal of two mechanisms by which galectins can trigger downstream events. Gal3 recruits the tripartite motif (TRIM) protein TRIM16, which serves as a platform for autophagic initiation factors that in turn induce phagophore formation [28] . In contrast, Gal8 directly binds the autophagic receptor NDP52, which recruits LC3-positive phagophores that then mediate lysophagy [33] . Numerous endogenous and exogenous inducers and promoters of lysosomal membrane permeabilization or full rupture of late endosomes/lysosomes exist: only a selection is shown here for clarity. For example, lysosomotropic drugs, alterations in lysosomal membrane lipid composition (associated with aging) or lipid peroxidation by oxidative stress can all destabilize lysosomal membranes, resulting in lysosomal membrane permeabilization. Furthermore, pathogens (bacteria and viruses), neurotoxic aggregates and silica crystals can rupture lysosomes. In addition, known cell-death mediators, such as Bcl-2 family proteins, p53 or calpains (which induce mitochondrial membrane permeabilization), can also affect lysosome integrity. Of note, leakage of reactive oxygen species (ROS) or cathepsins from lysosomes or, conversely, release of ROS from mitochondria can each affect the respective other organelle, so that dysfunction of one organelle can cause damage to the other. Lysosomal membrane permeabilization and mitochondrial membrane permeabilization have some common downstream consequences, such as classical caspase-dependent, but also caspase-independent apoptosis. Both can activate the inflammasome leading to pyroptosis (a proinflammatory form of cell death). See text for details. AIF, apoptosis-inducing factor.
ROS
Conceptually similar mechanisms are established for sensing damaged mitochondria. The best-studied mechanism involves monitoring the mitochondrial membrane potential. If the mitochondrial membrane potential is compromised, the mitochondrial kinase PINK1 is no longer internalized and degraded, but is instead stabilized and exposed on the outer mitochondrial membrane. Exposed PINK1 regulates ubiquitination, which is amplified by the ubiquitin ligase Parkin, and mediates recruitment of the autophagic receptors NDP52 and optineurin for triggering downstream events leading to mitophagy [38] [39] [40] . Recently, a second sensing mechanism was described. The inner mitochondrial membrane protein prohibitin-2 (PHB2) is exposed after rupture of the outer mitochondrial membrane and then recruits phagophore membranes by binding directly to the autophagosome protein LC3 (a mammalian ortholog of yeast Atg8) [41] . These parallel mitochondrial damage response pathways raise the possibility that damaged lysosomes may be sensed by additional mechanisms that are yet to be discovered. The recent identification of a glycoprotein-targeted ubiquitin ligase supports this notion (discussed in the next section) [42] .
Tagging Damaged Lysosomes with Ubiquitin for Efficient Clearance
Once the damaged organelle has been sensed, the next key step during selective autophagy is the extensive modification of the organelle with ubiquitin. Ubiquitination contributes to the Damaged lysosomes (left) are sensed by binding of cytosolic galectin-3 or -8 (Gal3 or Gal8) to exposed b-galactosides at the inner lysosomal membrane. Ubiquitin-dependent mechanisms of autophagosome formation are denoted in the figure by 'A': the sensor Gal3 recruits TRIM16, which most likely promotes the recruitment of additional E3 ubiquitin ligases and extensive ubiquitination of lysosomal proteins (S, substrates). Moreover, the SCF ligase component FBXO27 is recruited by virtue of its sugar-binding activity and myristoylation. Lysosomal protein ubiquitination and the TRIM16-Gal3 complex act in concert to recruit initiation factors of the autophagic machinery, such as ATG16L1 and ULK1, to trigger local phagophore formation. In addition, ubiquitination, likely involving K63-linked ubiquitin chains, recruits the autophagic receptor (AR) p62, which bridges the ubiquitinated cargo to the LC3-positive phagophore to mediate engulfment by the autophagosomal membrane. Conceptually similar mechanisms mediate mitophagy (right). Upon loss of mitochondrial membrane potential, the mitochondrial sensor kinase PINK1 is stabilized and exposed on the outer mitochondrial membrane. It recruits several E3 ubiquitin ligases such as Parkin, which amplifies ubiquitination of substrates on the damaged organelle, and this in turn recruits autophagic receptors including NDP52, optineurin and TAX1BP1. In this case, ULK1 and ATG16L complexes are recruited by NDP52 and optineurin, leading to local autophagosome formation. For both lysophagy and mitophagy, the ubiquitindirected AAA-ATPase p97 actively extracts certain factors modified with K48-linked ubiquitin chains in order to prepare for the efficient clearance of the damaged organelles (also see Figure 3 ). Ubiquitin-independent mechanisms are denoted in the figure by 'B': due to its ability to bind directly to the autophagic receptor NDP52, the sensor Gal8 mediates lysophagy independent of ubiquitin. During mitophagy, the inner mitochondrial membrane protein prohibitin-2 (PHB2), which is exposed after rupture of the outer mitochondrial membrane, acts as a sensor and an autophagic receptor by binding directly to LC3. Additional outer mitochondrial membrane proteins can contribute to ubiquitin-independent recruitment of the phagophore by binding to LC3 (not displayed in the figure for simplicity). See text for details.
recruitment of key downstream elements, such as autophagic receptors or components of the autophagy initiation machinery [43] . Mass spectrometry approaches have detected many ubiquitin-modified lysosomal proteins [42, 44] , suggesting that a large number of lysosomal proteins are ubiquitinated during ELDR in order to generate a ubiquitinated shell around the damaged lysosome. Diverse ubiquitin chains exist, depending on which lysine in ubiquitin is modified, and chains with different linkages have distinct functions [45] [46] [47] . Ubiquitin chains linked via lysine 63 (K63) are thought to function as a prominent recruitment platform for autophagic receptors [45, 48] . Consistently, K63-linked chains have been detected on damaged lysosomes [11, 49] . However, chains with alternative linkages are also detected on lysosomes, such as via K48-linked chains [11, 49] , which are commonly associated with proteasomal degradation. Generally, ubiquitination is achieved by a cascade involving an E1-activating enzyme, an E2 ubiquitin-conjugating enzyme and one of many E3 ubiquitin ligases that usually dictate substrate specificity and are subject to regulation. Several E3 ligases have been shown to be involved in mitophagy. The best-studied is the E3 ligase Parkin [38] , which is recruited to mitochondria by the mitochondrial damage response sensor PINK1. Intriguingly, Parkin can generate diverse chain types comprising K63, and K48, as well as the atypical K6 and K11 linkages [50] . In addition, TRAF2 and SIAH-1 have also been identified to be recruited and act as E3 ligases in mitophagy [51, 52] . Moreover, mitochondrialresident E3 ligases, such as MUL1 [53] or MARCH5 [54] , are associated with mitophagy. Of note, all these E3 ligases can share the same substrates in the outer mitochondrial membrane and may generate identical or distinct types of ubiquitin chains. Thus, mitophagy involves diverse and parallel ubiquitination machineries, a concept that might also apply to ELDR.
Lysophagy Involves Several Ubiquitin Ligases
The first E3 ligase identified to be involved in endo-lysosomal damage is the LRR and RING domain protein LRSAM1. It is crucial for autophagy of intracellular S. typhimurium and binds bacteria-associated proteins, suggesting that it is specific for bacteria-induced damage [55] . Because invading bacteria are still ubiquitinated in LRSAM1-deficient cells, additional E3 ligases likely participate in the response [55] . Whether or not LRSAM1 also ubiquitinates host endo-lysosomal membrane proteins needs to be clarified.
TRIM16, an atypical TRIM family E3 ligase that lacks a RING domain, has recently been shown to be critical for ELDR. It is recruited to the Gal3 sensor on lysosomes that are damaged by either the lysosomotropic reagent LLOMe or M. tuberculosis [28, 56] , suggesting a more general role in different types of damage. TRIM16 promotes K63-linked ubiquitination of two components of the autophagic machinery -ULK1 and ATG16L1. This suggests that the TRIM16-Gal3 complex acts as a platform to bring the autophagosome formation machinery close to the site of action and drive its activation. Deletion of TRIM16 reduces the overall ubiquitination of damaged lysosomes [28] . It remains unclear, though, to what extent the reduction is due to direct ubiquitination by TRIM16 [28] .
More recently, the SCF FBXO27 (SKP1-CUL1-F-box protein 27) ubiquitin ligase complex was shown to ubiquitinate glycoproteins that were exposed following lysosomal damage by the lysosomotropic reagent LLOMe, transfection-reagent-coated latex beads or crystalline silica [42] . F-box proteins are receptors for substrates in the SCF (SKP1-CUL1-F-box) ubiquitin ligase complex, and around 70 F-box proteins exist in humans. Interestingly, three of them bind glycoproteins, but only FBXO27 is myristoylated, localizing it to membranes and allowing specific and rapid accumulation around damaged lysosomes [42] . Overexpression of FBXO27 increased the ubiquitination of a set of lysosomal proteins after damage, supporting a function for SCF FBXO27 in lysophagy [42] . Indeed, depletion of FBXO27 or CUL1 slows but does not abolish lysophagy in pancreatic adenocarcinoma cells [42] . Moreover, FBXO27 expression is restricted to a subset of cells and tissues, suggesting that, although important, it is only one of several E3 ligases involved in the process. It is therefore likely that additional relevant E3 ubiquitin ligases and their cooperating E2-conjugating enzymes are recruited acutely after lysosomal damage. In addition, two lysosomal-resident ubiquitin ligases, RNF152 and RNF167, have been reported [57, 58] , but not linked to lysophagy. Identification and characterization of these factors and their substrate proteins, as well as understanding how they are specifically targeted to damaged lysosomes and which signalling events are triggered by distinct ubiquitin linkages, will help unravel the complexity of ELDR and lysophagy regulation.
Processing of Damaged Lysosomes for Efficient Clearance and the Role of Other Ubiquitin Chain Types
In addition to K63-linked ubiquitin chains, other ubiquitin chain types, such as linear or K48-linked chains, are present on damaged lysosomes, as detected by immunolocalization and mass spectrometry (Figure 3) [11, 42, 44, 49, 59] . Of note, because these studies applied different treatments such as the lysosomotropic reagent LLOMe, transfection-reagent-covered latex beads or invading Salmonella, it is possible that ubiquitin chain compositions may vary with the type and degree of damage. This observation mirrors the complexity of ubiquitin linkages also observed in mitophagy [40] . The relevance of linear ubiquitin chains is unclear because HOIL-1L -a component of the only linear ubiquitin ligase complex known so far, LUBAC -is not required for targeting autophagy machinery to damaged lysosomes [49, 60] . Intriguingly, Ubc13, which is the primary E2 enzyme that mediates K63-linked chain formation, is not required for lysophagy or mitophagy [49, 60] , suggesting that other conjugating factors mediate K63-linked ubiquitination on damaged lysosomes. The AAA-ATPase VCP/p97 Targets K48-Linked Ubiquitin Conjugates to Drive Lysophagy Recently, a functional and temporal separation of K63-and K48-linked chains was revealed following LLOMe-mediated lysosomal damage [11, 61] . K63-linked chains emerge on lysosomes within an hour of damage, coinciding with the recruitment of the autophagy receptor p62. In contrast, K48-linked conjugates accumulate later and peak 2-4 hours after damage. Intriguingly, only a subset of lysosomes is marked with K48-linked chains, suggesting that there is heterogeneity among damaged lysosomes. Key to understanding the role of K48-linked chains was the finding that K48-linked conjugates are targeted by the ubiquitin-directed AAA-ATPase VCP/p97 (Figure 3 ) [11] . VCP/p97 is best known for its role in ER-associated degradation, where it extracts K48-ubiquitinated substrates from the membrane for delivery to the proteasome [62] . Similarly, interfering with p97 function in lysophagy leads to the accumulation of K48-linked conjugates and the persistence of damaged lysosomes. This suggests that at least one function of K48-linked chains is to trigger the removal of some lysosomal factors by p97, whereas K63-linked chains function in recruiting autophagy receptors. Although proteasome activity is not required for lysophagy [11] , this does not exclude the possibility that target proteins of p97 are degraded once they are processed by p97.
Importantly, p97 also functions in mitophagy (Figure 3) , where it removes several factors including the mitofusins Mfn1 and Mfn2 in a manner dependent on K48-linked chains [63, 64] . Removal of mitofusins prevents the fusion of damaged parts of mitochondria in order to facilitate their segregation and autophagy [65] . In analogy, K48-mediated ubiquitination and extraction of lysosomal membrane proteins by p97 could eliminate proteins such as fusion or transport factors that might interfere with the efficient lysophagy of the damaged lysosome. In support of this notion, it was shown in fly muscle that lysosomes -like mitochondria -can form extended networks [66] , suggesting that they may need to be broken up for lysophagy. In fact, p97 was reported to regulate the dynamic morphology of these networks through an unknown mechanism [66] . Identification of the ubiquitinated targets of p97 will clarify how ubiquitination and p97 activity promote lysophagy, and whether this indeed occurs through protein extraction or some other kind of processing by p97. This will also reveal whether changes in lysosome morphology and dynamics are needed to facilitate their clearance. p97 Cooperates with a Distinct Set of Cofactors p97 cooperates with different sets of ubiquitin adaptors and additional cofactors that dictate its unfolding and extraction activity [67, 68] . For example, in ER-associated degradation, p97 interacts with the heterodimeric Ufd1-Npl4 ubiquitin adaptor, along with various regulators and targeting factors. In contrast, on lysosomes, p97 cooperates with the alternative cofactor UBXD1 along with PLAA and YOD1, suggesting that these cofactors constitute a specific p97 ELDR complex [11] . Depletion of any of these three cofactors leads to accumulation of damaged lysosomes marked with K48-linked chains. The metazoan-specific UBXD1 cofactor has previously been linked to the endo-lysosomal system [69] . PLAA appears to be a more versatile cofactor because its yeast homolog Ufd3/Doa1 is also involved in endosomal sorting [70] , degradation of the yeast mitofusin Fzo1 [71] , and ribophagy (the autophagic response that targets ribosomes) [72] . YOD1 has ubiquitin-binding activity and likely contributes to targeting the p97 ELDR complex to K48 chains on lysosomes [11] . Of note, YOD1 is a deubiquitinating enzyme (DUB) and overexpression of YOD1 reduces the amount of K48-linked chains on damaged lysosomes [11] . This finding does not necessarily imply that YOD1 simply antagonizes ubiquitination; instead, YOD1 has been shown to have a positive function in assisting protein extraction because it facilitates processing by p97 [73] [74] [75] . On mitochondria, p97 not only targets mitofusins to promote mitophagy, but also has a more general function in protein quality control, as it extracts several outer membrane proteins and delivers them to the proteasome (Figure 3) , a process called mitochondria-associated degradation (MAD) [76, 77] . In yeast, p97-mediated degradation of the mitofusin Fzo1 requires the p97 cofactors Ufd1-Npl4 and Ufd3/Doa1 [71] . Mitophagy in mammals has also been linked to Ufd1-Npl4 [78] , suggesting that the underlying p97-mediated extraction mechanism is similar to ER-associated degradation. However, UBXD1 has been associated with MAD [79] , not just lysophagy, raising the possibility that alternative p97 complexes may contribute to the process. It will require further studies to unravel the function and mechanisms of p97 cofactor complexes in lysophagy and mitophagy.
Other Factors That Modulate Ubiquitination?
The p97 ELDR complex is likely not the only factor that processes ubiquitin conjugates to facilitate lysophagy. On mitochondria, several DUBs have been identified. USP30 is located on the outer mitochondrial membrane and reverses Parkinmediated ubiquitination by preferentially removing K6-and K11-linked chains [80, 81] . The DUB USP8 removes K6-linked ubiquitin chains from Parkin to promote mitophagy [82] . Other DUBs may also participate but remain to be confirmed, such as the cytosolic DUB USP15, which reduces ubiquitination on mitochondria upon overexpression [83] . Similarly, additional DUBs are likely to play either positive or antagonizing roles in ELDR and lysophagy.
Recruitment of Autophagy Receptors
The association of autophagic membranes with ubiquitinated cargo -in this case, the damaged organelle -is mediated by autophagic receptors [32, 43] . The common feature of these receptors is an LC3-interacting region (LIR) motif that directly binds LC3 on the expanding phagophore. Many of these receptors -such as p62/SQSTM1, optineurin, NDP52, NBR1, TAX1BP1 and TOLLIP -bind ubiquitinated cargo, physically linking it to the phagophore. In the case of lysophagy, p62 plays a major role and is consistently found on damaged lysosomes [10, 11, 30, 42, 49] ; moreover, depletion of p62 impairs lysosomal clearance [11] . Intriguingly, in mitophagy, p62 has an additional role in clustering damaged mitochondria [84] . However, studies of selective autophagy of intracellular pathogens (also called xenophagy) and mitophagy suggest that different autophagic receptors work in concert during selective autophagy and localize to common (NDP52 and optineurin) or distinct (p62) microdomains on the surface of ubiquitinated cargo [33, 39, 85, 86] . Thus, further research needs to address the requirement and specificity of other ubiquitin-dependent autophagic receptors during lysophagy.
Autophagic receptors also function through ubiquitin-independent mechanisms. As mentioned above, NDP52 directly binds the sensor Gal8 upon Salmonella-induced lysosomal membrane rupture [33] via a dedicated Galbi domain in NDP52 that interacts specifically with Gal8 [87] . Gal8 is also a sensor for damage that is induced by other pathogens [36, 37] . Interestingly, ubiquitin-independent autophagic receptors have also been found to function in mitophagy, such as the outer mitochondrial membrane proteins FUNDC1, NIX/BNIP3L and BNIP3 [43] .
Potential Regulation of Autophagy Receptors
The recruitment and function of autophagic receptors is further regulated by phosphorylation. In xenophagy and mitophagy, the serine/threonine TANK-binding kinase 1 (TBK1) is recruited by the autophagic receptors optineurin, p62, and NDP52, which are in turn phosphorylated by TBK1 to thereby enhance their affinity for ubiquitin chains [85, 88, 89] . TBK1 deficiency impairs clearance of cytosolic bacteria [90] and mitochondria [88] , and was shown to affect the recruitment of a component of the core autophagy machinery (WIPI2) [91] . In addition, the autophagic receptor FUNDC1 has been reported to be phosphorylated by the serine/threonine kinase ULK1 (a component of the autophagy initiation machinery) during mitophagy [92] . Hence, it is likely that similar mechanisms for enhancing autophagic receptor function will be uncovered in the case of lysophagy.
Recruitment of the Autophagy Machinery and Phagophore Formation
The next critical step in lysophagy is the formation of the autophagosomal membrane to engulf the damaged organelle. In general, canonical autophagosome formation can be divided into three steps that are mediated by dedicated components: the process is initiated by the ULK1-ATG13-FIP200 kinase complex; the PI3KCIII-Beclin1-ATG14L complex and the phosphatidylinositol 3-phosphate-binding protein WIPI then mediate nucleation of the membranes; finally, membrane extension is controlled by formation of the lipidated form of LC3, which decorates the autophagosomal membrane and interacts with autophagic receptors on the cargo. LC3 lipidation involves two ubiquitin-like conjugating systems. ATG12 is conjugated to ATG5 and then binds ATG16L1: the resulting complex constitutes the ligase for conjugation of phosphatidylethanolamine to LC3 [32, [93] [94] [95] . Single components can have multiple interconnecting functions and noncanonical autophagosome formation has been reported to bypass some of the above steps of canonical autophagosome biogenesis [96, 97] . Multi-layered Regulation of Phagophore Initiation Recruitment of the autophagic machinery is tightly coordinated with sensing, ubiquitin tagging and autophagic receptor binding during lysophagy [49, 98] , likely in order to ensure autophagosome formation at the site of the damaged lysosomes. For example, ubiquitination of endo-lysosomes mediates the recruitment of FIP200, a component of the ULK1 autophagosome initiation complex (comprising the serine/threonine kinases ULK1 and ULK2, ATG13, ATG101 and FIP200) [49] . Strikingly, ULK1 itself is inactivated via phosphorylation by mTOR [99] , but mTOR dissociates from lysosomes upon damage [29] , probably to allow ULK1 activation at the required site. The recruitment of another core autophagy factor, ATG16L1, is ensured via three mechanisms: directly by binding ubiquitin on damaged endolysosomes; through an interaction with FIP200; and by an interaction between amino acids 194-195 of ATG16L1 and an as yet unknown binding partner [49] . Recently, the Gal3-binding E3 ligase TRIM16 was found to bind this region of ATG16L1 [28] and promote the efficient localization of ATG16L1 during ELDR and lysophagy. This interaction occurs in a ULK1-dependent manner: ULK1 is suggested to serve as a platform for TRIM16-Gal3 complex formation, even if TRIM16 is a substrate for ULK1, because depletion of ULK1 but not its inactive mutant impedes ubiquitination during ELDR [28] . In contrast, recruitment of ATG16L1 and ULK1 to depolarized mitochondria apparently relies strongly on FIP200 [100] . Furthermore, the autophagic receptors NDP52 and optineurin were found to recruit ULK1 during mitophagy [39] , and depletion of FUNDC1 impaired ULK1 translocation [92] . The functional rationale of this diverse targeting of autophagy initiation factors and distinct role of phosphorylation by ULK1 during lysophagy and mitophagy remain to be fully characterized. Consistent with this, the LC3-independent recruitment of upstream autophagy proteins to damaged lysosomes endorses the model suggested for mitophagy, in that phagophore formation is generated locally, opposing the model where a preformed phagophore recognizes the cargo.
Finally, the recruitment of lipidated LC3, which decorates the autophagosomal membrane, mediates the engulfment of the damaged organelle and the formation of the autophagosome that can subsequently fuse with intact lysosomes for degradation. So far, LC3B has been identified on damaged endo-lysosomes and depolarized mitochondria [11, 28, 30, 42, 49, 100] . However, it is possible that other mammalian ATG8 homologs (such as LC3A, LC3C, GABARAP, GABARAPL1, GABARAPL2/GATE-16; reviewed in [101] ) also participate in lysophagy.
ELDR for Elderly -Neurodegenerative Diseases and Lysosomal Damage
Lysosomal damage and the cellular response to this damage have implications for human health in many ways. Rupture of endo-lysosomes and phagosomes provides a means for pathogens to enter the cytosol, while detection and disposal of these membranes constitutes a cellular defence against the pathogen itself and against membrane remnants, which can cause inflammation [12, 102] . The mechanisms of cell death induced by lysosomal membrane permeabilization are a focus of oncology research because cancer cells are susceptible to lysosomal membrane permeabilization [6, 103] . In the following section, we discuss the relevance for degenerative diseases, in particular for neurodegeneration. The link between decreased lysosomal function, aging and neurodegeneration is well established [1, 95, [104] [105] [106] [107] [108] . It is conceivable that defective maintenance of lysosomal homeostasis, either due to an increased propensity for lysosome damage or, conversely, due to compromised ELDR and lysophagy, participates in neurodegeneration. Lysosomal Damage Is a Hallmark of Neurodegeneration An increase in lysosomal stress is associated with the lysosomal storage disorders Niemann Pick disease type A and B, which are caused by loss-of-function mutations in the acid sphingomyelinase gene that result in accumulation of sphingomyelin in the lysosomes of neurons and subsequent decreased lysosomal stability. This can be rescued by the molecular chaperone Hsp70, an inhibitor of lysosomal membrane permeabilization [22] . Furthermore, it has recently been shown that the elusive neuroprotective mechanism of the lipid-binding protein apolipoprotein D (ApoD), which is secreted by astrocytes and elevated in all known nervous system diseases, involves the preservation of lysosomal functional integrity by preventing lysosomal membrane permeabilization [109] . Opposite effects were shown for another apolipoprotein, ApoE4, which is the strongest genetic risk factor for Alzheimer's disease and other neurodegenerative disorders. ApoE4 alters lysosomal integrity and causes lysosomal leakage of cathepsin D [110, 111] .
In addition, lysosomal transmembrane proteins linked to neurodegenerative diseases have been shown to decrease lysosomal integrity. The lysosomal transmembrane protein TMEM106B, which is a genetic risk factor for progranulin-and C9orf72-associated frontotemporal dementia (FTD) [112] , affects lysosomal size, motility and membrane integrity [113] . Moreover, mutations in ATP13A2 (which encodes PARK9, a lysosomal transmembrane P5-type ATPase) that lead to increased susceptibility to lysosomal membrane permeabilization link lysosomal dysfunction to Parkinson's disease. The fact that damaged and dysfunctional mitochondria play a central role in the pathogenesis of Parkinson's disease [114] raises the possibility that the indirect damage of lysosomes by factors released by disintegrating mitochondria, or vice versa, also plays a role in the pathogenesis of this disease [115] . In many instances, lysosomal leakage of cathepsin D is believed to precede the release of cytochrome c from mitochondria, loss of mitochondrial membrane potential, and morphological manifestation of apoptosis [2] . Leakage of cathepsin D into the cytoplasm of neurons has been observed in aged rats [116] . Abnormal efflux of lysosomal Ca 2+ contributes to global Ca 2+ homeostasis and is observed in dysfunctional lysosomes associated with Alzheimer's disease [117, 118] . Release of Ca 2+ can activate calpains leading to further induction of lysosomal damage or cell death (Figure 1 ). Calpain-mediated lysosomal rupture was shown to cause necrosis of neurons in primates after ischemia [119] . Recently, loss of the lysosomal membrane protein SCAV-3, the Caenorhabditis elegans homolog of human LIMP-2, was demonstrated to cause lysosomal rupture and a reduction in lifespan, suggesting that lysosomal integrity is crucial for longevity [120] . Damage of lysosomes can also occur as a result of membrane rupture caused by endocytosed neurotoxic aggregates [14] . This was first suggested by the observation that amyloid plaques contain active lysosomal hydrolases [105] , and more recently shown directly for endocytosed alpha-synuclein, amyloid-b, tau, huntingtin exon1 with pathologic polyglutamine repeats or superoxide dismutase 1 [11, [13] [14] [15] [16] [17] . This imposes additional stress on the endo-lysosomal system in diseased tissues and implicates a role of ELDR in the associated disorders, such as Parkinson's, Alzheimer's, Huntington's disease or amyotrophic lateral sclerosis (ALS). In addition, lysosomal rupture could be a mechanism for aggregates to enter cells from the extracellular space, propagate in a prion-like manner and thus spread between cells [121] . There is evidence that ELDR components support clearance of aggregate-damaged lysosomes [11] : whether or not this response contributes to preventing aggregate spreading is an intriguing question.
Defects in Lysophagy May Contribute to Degeneration
Besides increased lysosomal damage, the failure to respond to this damage will affect lysosome homeostasis and thus contribute to neurodegeneration. Several studies indicate that leakage of lysosomal Ca 2+ may be a modulator of lysophagy and neurodegeneration. For example, mutations in transient receptor potential mucolipin 1 (TRPML1, also called MCOLN1), a Ca 2+ channel in the lysosome, result in type IV mucolipidosis, a neurodegenerative lysosomal storage disorder [122] . Ca 2+ release activates the phosphatase calcineurin, which dephosphorylates the transcription factor TFEB and thereby regulates autophagy and lysosomal exocytosis [123] and potentially lysophagy. In contrast, Ca 2+ -dependent activation of calpain impairs autophagy by cleaving specific autophagy regulators [124] . Mutations in several genes involved in ELDR and lysophagy, such as VCP/p97, p62 [125] , optineurin [126] or TBK1 [127] , are associated with FTD and/or ALS. Furthermore, mutations in PLAA lead to neuropathology in both mice and humans [128, 129] . It should be noted, though, that it is currently difficult to deconvolve to what extent this is attributable to roles in ELDR or more generally to their function in autophagy. Of note, p97 mutations cause a degenerative syndrome known as multi-system proteinopathy (MSP1, also called IBMPFD/ ALS), which includes ALS and FTD in addition to an inclusion body myopathy (IBM) and Paget's disease of bone (PDB) [67] . p97 has multiple functions in different cellular compartments that could be relevant for the pathogenesis of this syndrome. Intriguingly, however, the primary pathologic features in cells and tissues affected by p97 disease-associated mutations are aberrant lysosomes and defective autophagy [130] , and also compromised mitophagy [78, 131] . Of note, two recent publications linked p97 disease-associated mutations directly with lysosomal homeostasis [11, 66] . Specifically, a diseaseassociated mutation of p97 leads to delayed lysophagy in a tissue culture model and to accumulation of damaged lysosomes in patient muscle tissue [11] . Rare mutations in p97 and p62 were also found in sporadic inclusion body myositis [132, 133] . Autophagic, lysosomal and endosomal protein markers were identified within and also surrounding rimmed vacuoles and aberrant protein aggregates similar to those found in Alzheimer's disease or ALS [134] . This led to the suggestion that sporadic inclusion body myositis is a degenerative proteinopathy similar to neurodegenerative disorders, rather than an inflammatory disease, in agreement with the fact that it responds poorly even to vigorous immunosuppression [135] . In addition, several genes associated with autophagosome-lysosome processing are emerging as risk alleles in sporadic inclusion body myositis [132] [133] [134] 136, 137] . It is worth noting that the inflammation may be a secondary pathogenesis, possibly due to defects in ELDR and/or lysophagy, and thus a response to persisting lysosomal membrane remnants [10, 12, 30, 31] or prolonged leakage of proteases [138] . For example, increased lysosomal rupture in microglia due to phagocytosed Ab causes leakage of cathepsin B, which activates the NLRP3 inflammasome, a pivotal event for Alzheimer's disease pathogenesis [139] . Thus, although a direct causal link between ELDR and neurodegenerative disease has not yet been established, the accumulating evidence suggests that an active ELDR and efficient lysophagy are critical to maintain lysosomal homeostasis and thereby protect neurons from degeneration.
Outlook
Recent studies have revealed the first components of an ELDR pathway that detects and removes compromised lysosomes and thus protects against invading pathogens, maintains the integrity of the lysosomal system and ensures cellular homeostasis. We now need to understand how the initial damage sensing is translated into a robust and specific ubiquitination response. Future work should identify critical components of the ubiquitination machinery and ubiquitinated substrates on lysosomes to yield insights into the distinct functions of different ubiquitin linkage types. Another interesting question is whether p97 as part of the ELDR complex may also have a general function in lysosomal protein quality control that is independent of lysophagy and related to its role in mitochondria. Moreover, we need to further understand the contribution of ELDR to protecting neurons from degeneration. This will require moving into appropriate tissue culture and animal model systems, as well as considering lysosomal homeostasis mechanisms as part of the pathogenic process in established disease models. An intriguing possibility that should be explored is the potential contribution of ELDR in protecting cells from prion-like spreading of amyloid fibrils associated with neurodegeneration. Together, future work will hopefully help uncover strategies to protect the lysosomal system and delay degeneration.
